The article describes basic principles of induction bending and the change of mechanical properties from as received (straight) pipe made from HSLA steel to induction bend. The main purpose of this article is to experiment with tempering temperatures below 540°C. After tempering at 540°C which is the lowest recommended temperature for post bend heat treatment (PBHT) according to CSA specifications (Canadian Standards Association) the induction bend area in many cases does not achieve the minimum required mechanical properties and therefore it is not accepted for usage. In this article mechanical properties such as tensile, toughness, hardness are evaluated. Also the article contains microstructural analyses and comparison of bended and heat treated samples.
INTRODUCTION
Induction bending is a largely automated free forming process. Bends with small bending angles are fabricated on site by means of cold bending. But for smaller radii and bending angles up to 90° hot induction bending is the common manufacturing process. The "transformation" of straight pipe to bent pipe takes place in the heated narrow annular zone which moves continuously along the length of the bend as the bending process advances (Fig. 1) . The heating of this zone is affected by means on an induction ring (also Fig. 1 ) (Muthmann and Grimpe, 2006) . An alternating current passes though the inductor and induces a potential which causes an eddy current in the material to be bent. The width of the bending area must be limited to avoid uncontrolled deformation in the bent body. The formed material is cooled by water spray immediately behind the inductor. During bending the temperature of the bending zone is measured continuously and held constant at a predetermined value above Ac3. This results in a short -time austenitizing cycle and a quenched metallurgical structure. The front end of the pipe is clamped to a pivoted arm, the bending force acts axially on the pipe, induced by a hydraulic ram, pushing the pipe through the machine. Set to the desired bending radius, the bending arm then describes a circular arc around its pivot point. As a result of the radial thrust applied to it the pipe automatically follows this curve (Muthmann and Grimpe, 2006; Saga et al.,2010; Tropp et al., 2012) . The main advantages of induction bending in comparison to conventional welding of elbows are lower montage costs, lower operational costs, better flow of the transported medium and better corrosion resistance because the whole surface can be uniformly covered by coatings ( 
CHANGES IN MECHANICAL AND STRUCTURAL PROPERTIES OF THE INDUCTION BENTS
Pipes used for induction bending purposes are made from steel manufactured by using controlled rolling technology (large diameter pipes) or by extrusion (low diameter pipes). The goal of controlled rolling is to obtain fine grain microstructure with high tensile properties at a low amount of C (under 0.1%) and other alloying elements. When this kind of material is heated above the transformation temperature the microstructure changes and the mechanical properties mostly drop (approximately 100-150 MPa). That is why pipes made from HSLA steels aren´t able to retain their mechanical properties after induction bending. This drop of after induction bending is also described in 3 represents mechanical properties of pipeline steel grade X65 before and after induction bending. Because of low carbon and alloy content the material after heating and subsequent cooling is not able to retain its mechanical properties. It is important to notice that even the little amount of carbon in this type of steels plays significant role when it comes to mechanical properties after induction bending. (Vervynckt et al., 2012; Fernandez et al., 2014) . In the case of microstructural properties the initial microstructure contains a mixture of fine ferrite grains, pearlite and in some cases bainte (depends on the chemical composition, rolling parameters and heat treatment) (Fig. 4) . After induction bending in many cases the microstructure contains ferrite grains with a small amount of pearlite. The change in microstructure is shown in 
EXPERIMENTAL PART
The examined material is thermo-mechanically rolled HSLA API 5L Gr. X70 steel which mechanical properties ale listed in Tab. 2 and chemical composition in Tab. 1. (1) 237 (2) 213 (1) At 0°C; (2) At -40°C
Tab. 1. Chemical composition of examined steel
The minimum mechanical property requirements that the induction bend needs to achieve after induction bending are described in Tab. 3. (4) (1) According to CSA Z245.1 Code for straight pipe; (2) Full size specimen (55 x 10 x 10 mm); (3) Toughness of the weld can have a minimum value of 18J (full size specimen); (4) This value is for sour service, induction bend described in the article is for sweet service (302 HV max)
After induction bending the samples for destructive testing were cut in transverse orientation from six locations (Fig. 6 ). These locations were tested in as received condition (no heat treatment) and after providing two experimental post bend heat treatments, one at 540°C for 30 minutes and 420°C for 30 minutes. After providing two experimental heat treatments the samples for tensile and toughness tests were machined according to ASMT A370. Metallographic samples were made according to ASTM E3-11. For hardness measurement nine indents were made in transverse orientation in the extrados, intrados and neutral axis location (Fig. 7a) . Neutral axis weld consisted of fifteen indents (Fig. 7b) . Heat treatment was provided in a draw (annealing/tempering) furnace Cress 162012. After finishing soaking the samples were unloaded from the furnace and cooled on air.
RESULTS AND DISCUSSION
The yield strength (0.5% extension under load) in as bent condition compared with the values stated in Tab. 2 decrease significantly, below the minimum requirements. After applying 540°C/30 min. regime the yield strength in the bend zone increases, especially in the extrados and intrados location and slightly decreases in neutral axis location. However this increase of yield strength isn't sufficient enough and extrados location doesn't meet the minimum requirements stated in Tab. 3 (Fig. 8) . When applying the 420°C/30 min. regime the yield strength in all locations increases. According to the values stated in Tab. 5 it is possible to assume that tempering below 540°C has positive impact on yield strength. All the locations after applying 420°C/30 min. regime meet the minimum requirements for yield strength. Yield strength of neutral axis weld isn't recorded because according to the CSA specification it is not recommended. In as bent condition (no PBHT) the tensile strength meets the criteria for minimum tensile strength (see Tab. 3). After applying PBHT 540°C/30 min. tensile strength of the received test bend in all locations decreases (Tab. 4). Here is important to notice that in the extrados location the tensile strength decreases rapidly, below the minimum criteria. However after applying 420°C/30 min. regime the drop of tensile strength is less significant (Fig. 9) . In the intrados location slightly increases. According to the values listed in Tab. 5 it is possible to assume that tempering bellow 540°C has a smaller negative impact on tensile strength.
Tab. 4. Measured values of tensile strength

Location
After applying PBHT the Y/T ratio of the received test bend in all locations is approximatelly the same (Fig. 10) . Y/T ratio from neutral axis weld location wasn't measured because it is not required in the specification. The values of Y/T ratio in as bent and PBHT condition meet the requirements listed in Tab. 3. The elongation of the received test bend in all locations slightly increases, and also meets the requirements (Fig. 11) . Elongation from neutral axis weld location wasn't provided because it was not required. Induction bends also must meet the minimum requirements for toughness. That's why an appropriate temperature, and amount of quenching, must be chosen to provide the induction bend with good toughness properties. According to Tab. 3 the minimum absorbed energy for this grade is 27 J (seamless locations), and 18 J for locations containing welds. In as bend condition the toughness values listed in Tab.5 meet these minimum requirements.
After applying PBHT the toughness in all locations increases (Fig. 12) . This means that tempering at temperatures from 540°C and below has positive effect on toughness properties for steel with the chemical composition listed in Tab. 1.
Fig. 12. Toughness values of the bend zone
Single hardness values of induction test bend do not exceed 302 HV10 and therefore meet the requirements for sweet condition. Sweet condition means that the pipe can be used only for transportation of natural gas that does not contain significant amounts of hydrogen sulfide. Again due to increased toughness properties the hardness after PBHT decreases thanks to the softening processes during tempering. The average hardness value of each location is stated in Tab. 5. As mentioned above, temperature used in the induction bending process exceeds the Ac3 transformation temperature and therefore a new microstructure is obtained. Instead of a mixture of elongated ferrite grains with upper bainite (or pearlite) (Fig.  13a.) , the microstructure in Fig. 13b . contains a mixture of ferrite grains with (probably) small islands of pearlite. . represents the microstructure of extrados location after applying PBHT 540°C/30 min. As one can see during tempering on this temperature the grains get coarser which can explain the loose of tensile strength stated in Tab.5. The increase of yield strength can be due to precipitation strengthening mechanism mostly because of niobium carbide (NbC) particles or free nitrogen contained in the steel. Fig. 13d . represents microstructure of the same location after applying PBHT 420°C/30min where the grain coarsening is less pronounced due to lower temperature. That's why the loss of tensile strength isn't that significant as in the previous heat treatment. Also the secondary precipitation takes place which can explain the increase of yield strength.
Tab. 5. Average values of harness in each location
CONCLUSION
Because the requirements for heat treatment of induction bents have not been revised for years and the procedures for thermo-mechanical controlled rolling as well as the chemical composition of the material have improved, the purpose of this article was to refer that temperatures below 540°C could be also considered as a part of post bend heat treatment in the future. After destructive testing of induction bended pipe and provided experimental heat treatments it is possible to assume that both regimes increase the yield strength and decrease the tensile strength, decrease hardness, and increase toughness. However when applying lower tempering temperature (420°C) the decrease of tensile strength is not that significant as it is when applying 540°C. The most important thing is that when tempering at 420°C the yield strength increases more than at 540°C. After taking to account the measured values after applying 540°C tempering temperature, the test bend would not meet the minimum requirements because it would fail in the extrados location on low yield and tensile strength. But after applying 420°C tempering temperature all locations in the bend zone would meet the minimum requirements. Of course these conditions can be related only to the material with such (or approximate) chemical composition as stated in Tab. 1. However the CSA specification for pipe fittings requires PBHT also for tangent body and weld location (straight part of the pipe). In this case additional tests must be done to assure that PBHT below the minimum recommended temperature stated in CSA specification doesn't have negative influence on mechanical properties of this location.
